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This report is prepared in response to the Final Year Project required for undergraduate 
students. The project is entitle "Tsunami Motion". Tsunami phenomenon and its 
impacts on human life have attracted considerable attention after the latest Tsunami on 
December 2004 hits Indonesia and neighboring ocean countries. Little knowledge is 
available among civil engineers while they are the ones who should deal with major 
consequences. The objective of this project is to develop a simple mathematical model 
in order to determine tsunamis speed and height. A phrase has quoted "Scientists can 
predict when a tsunami will arrive since the speed of the waves varies with the square 
root of the water depth". Tsunami waves in the deep ocean can travel at high speeds for 
long periods of time for distances of thousands of kilometres and lose very little energy 
in the process. The deeper the water, the greater the speed of tsunami waves will be. 
The height of a tsunami also depends upon the water depth. A tsunami that is just a 
meter in height in the deep ocean can grow to tens of meters at the shoreline. Other 
features which influence the size of a tsunami along the coast are the shoreline and 
bathymetric configuration, the velocity of the sea floor deformation, the slope of the 
basin and the efficiency which energy is transferred from the earth's crust to the water 
column. 
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INTRODUCTION 
A PROBLEM STATEMENT 
A.l Problem Identification 
Introduction 
Tsunamis phenomenon and its impacts on human live have attracted considerable 
attention after the latest Tsunami on December 2004 hits Indonesia and neighboring 
ocean countries. This earthquake and subsequent tsunamis reportedly killed over 
200,000 people around the rim of the Indian Ocean. Little knowledge is available 
among civil engineers while they are the ones who should deal with major 
consequences. Simple mathematical model is needed to know how tsunami travels in 
terms of speed towards the coasts. 
A.2 Significant of the Project 
To understand the engineering implications of possible wave speed and height resulting 
from tsunami, a formulation of the speed capable of giving quantitative is required. At 
present, the ocean shoreline regions are the site of a high degree of development. In 
order to prepare suitable structural designs for these areas, one should know about the 
probabilities tsunamis at a certain site and the speed of wave and its height that could be 
expected if a tsunami did occur. 
B OBJECTIVES AND SCOPE OF STUDY 
B.l The Relevancy of the Project 
The main objective of this project is to develop a simplified mathematical model in 
determining tsunami travel in terms of its speed as it is approaching towards the coasts. 
Integration with the available warning system will alert the coastal communities. 
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Introduction 
B.2 Feasibility of the Project within the Scope and Time Frame 
Within 28 weeks of project's time frame, a simplified mathematical model for tsunami 
travel is required to be developed. The model must be capable in giving quantitatively 
the speed of tsunami travel towards the coasts. To be able to develop the model, 
tsunami movement and simulation must first be understood. Data collected through 
internet, library and correspondence will be referred to. 
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METHODOLOGY 
A PROCEDURE IDENTIFICATION 
Methodology 
The total research and development process has been divided into four phases. This is to 
ensure that the project will be carried out smoothly and timely less constraint. 
1. Selection of Project Topic 
Io this phase, the topic is selected cautiously and based on interest for this 
project will carry four credit hours per semester. The selected topic is ensured to 
be feasible in term of scope and time frame. 
2. Project Planning 
All defined scope and work is outlined along specific time frame to keep track 
with on-going and planned activities. It is vital to keep updates with the check 
list, outlined activities and its time frame to minimize behind schedule activities. 
3. Literature Study 
Reading for familiarity with tsunami movement and simulation is part of the 
nature of the project and will be carried out frequently. Data collection via 
internet, library and correspondence will be part of the project development. 
4. Development of Mathematical Model 
At the end of the project, a simple mathematical model for tsunami travel will be 
developed based on data collected and knowledge gained. 
B TOOLS I EQUIPMENT USED 
1. Relevant software and computing facilities (i.e JRC Tsunami Propagation 
Model, ETOP0-2, EARTH.EXE and C programming). 
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With the extensive media coverage and public concern on tsunamis, it is not surprising 
that the topic has attracted considerable attention in recent years. In an attempt to 
improve the tsunami warning system, both modeling and observational components, 
studies have focused on anything from wave scattering, inundation, impact and design 
for tsunamis. While some research has focused only on the description of tsunami 
phenomenon, other work has sought to show it forecasting. Accordingly, Ward (2000) 
suggests that the ultimate goal of tsunami research is forecasting. A forecast predicts the 
strength of a particular tsunami, analyzing the seismograms and forecasting the 
expected height and time of the oncoming wave with the aid of computer models for 
tsunami generation. 
Helene and Yamashita (2006) work used the approximation of shallow water waves to 
understand the behavior of a tsunami in a variable depth. The equation is deduced with 
the continuity equation to satisfy the discontinuity encountered by the wave in the sea 
depth. The inclusions of seabed topography and wave refraction were pointed out as 
necessary to understand some phenomena observed in tsunamis. 
Much of the earlier work by Mofield et a! (2000) suggested that the most important 
factor determining the intensity of scattering and reflection is the depth of a feature 
compared with the depth of the surrounding region. The horizontal extent of a feature, 
compared with the wavelength and the angle of incidence also affect the amount of 
scattering and reflection. These interactions have increase the duration of tsunamis. 
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Literature Review 
Choi eta! (2003) work is more concerned on the energy flux conservation in calculating 
wave heights and travel time by using Green's law. He considered the ray tracing 
method to calculate the tsunami pathways on the globe and it is applied to determine the 
travel time of the leading wave. The calculated travel times were compared with 
observed values for the first wave. The agreement is quite well, mainly for points where 
the tsunami waves approach on the frontal direction. However, the calculations in the 
ray tracing method do not take into account the wave propagation in the form of the 
edge waves leading to increase the tsunami travel time. 
Some studies, however, have taken a different approach by looking into the impact level 
of tsunamis. In a typical study of this type, Taro Arikawa eta! (2005) studied the 8-foot-
tall wave, the tallest man-made tsunami. By determining the power and behaviour of a 
tsunami, the scientists hope to devise better seawalls and more precise evacuation plans 
for coastal communities at risk of a direct hit. 
Very detailed 3D models have been used worldwide to try to explain the observed 
behavior of tsunami events. Annunziato and Best (2005) work is dedicated to the 
development of a new model which can be used by the international community and in 
particular within the JRC Global Alert System for the prediction of the arrival time of 
the Tsunami along the affected coasts. The model and the accompanying calculation 
procedure is able to predict with a high level of accuracy the correct time of arrival of 
the wave. 
1.0 Model Calculations 
Several calculations have been performed by various research laboratories in the world 
in the hours and days following the 261h December Tsunami event. Other calculations 
will be performed in the future, as new information will be published. These 
calculations are important for two reasons : 
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I. to understand the physics of the problem 
Literature Review 
2. to check whether the models could be used for an alert system 
The performance of the adopted models is very good with a small deviation between 
calculated and actual timings. 
1.1 WLIDelft Hydraulics 
Home Page htm://www.wldelft.nl 
Web site h!!Q://www.wldelft.nl/genlnews/tsunami/ 
Type of simulation 3D 
Extent of the simulation Local Indian ocean 
Whole world 
Type of files Windows Media or Quick Time 
Size of files 563 kBytes, 587 kbytes, 273 kbytes 
1.1.1 Model description 
WL I Delft Hydraulics is an independent research institute and specialist consultancy 
based in the Netherlands. The Model adopted is part of a series of codes, named Delft 
3d. The main modules of interest in this simulation are Flow and Wave. 
Flow 
The FLOW module of Delft3D is a multi-dimensional (2D or 3D) hydrodynamic (and 
transport) simulation program which calculates non-steady flow and transport 
phenomena resulting from tidal and meteorological forcing on a curvilinear, boundary 
fitted grid. In 3D simulations, the vertical grid is defined following the so-called sigma 
coordinate approach. This results in a high computing efficiency because of the constant 
number of vertical layers over the whole of the computational field. 
December 2006 6 
' Final Year Project Tsunami Motion 
"'"""' Final Report 
Wave 
Literature Review 
The Delft3D-WAVE module can be used to simulate the propagation and 
transformation of random, short-crested, wind generated waves in coastal waters which 
may extend to estuaries, tidal inlets, barrier islands with tidal flats, channels etc. The 
module computes the evolution of waves over arbitrary depths for certain wind, flow 
and water level fields. 
1.1.2 Model results 
The preliminary simulation that produced this animation shows the propagation of the 
tsunami starting at 01.00 hours UTC. In the deep ocean the waves measure tens of 
centimetres in height. In the coastal areas however, these relatively small waves can 
increase up to 4 to I 0 meters depending on the local topography and bathymetry. 
FIGURE 1.1 Example ofWL I DELFT Hydraulics modeling 
Areas hit by high flood waves are shown in bright colours. Yellow and red colours 
indicate the worst hit areas. The calculation is started with an initial disturbance of 
about 650 km along the fractal coast in front of Banda Aceh. It is not evident from the 
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Literature Review 
model the water depression (negative height) even if it is logical to expect a negative 
section also in this simulation. The maximum height of the wave is above lm. 
7000 
6000 
















4 6 8 10 
Time (h) 
FIGURE 1.2 Comparison of the Delft Calculation with the News and the Radar data 
1.1.3 General comments 
The simulation is rather accurate. The timing is quite well reproduced, with a slight 
early wave arrival. Also the world simulation allows appreciating correct development 
of the wave. The CPU time of such simulation is unknown. 
1.2 MOST Model NOAA 
Home Page h!!I1://www.noaa.gov 
Web site h!!I1://www.noaanews.noaa.gov/stories2005/s2365.htm 
Type of simulation 3D 
Extent of the simulation Local Indian ocean 
Whole world 
Type of files Windows Media or Quick Time 
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1.2.1 Model description 
Literature Review 
The MOST Model (Method of Splitting Tsunami) developed by NOAA was used for 
simulating the event. 
1.2.2 Model results 
The model shows a pink section in front of the main wave. The "pink" color indicates 
very low (below 3cm) positive amplitudes. It is not a numerical problem. The sea floor 
deformation from earthquake, which is the initial condition for the tsunami propagation 
model, is computed using elastic deformation model. The resultant displacement of the 
ocean floor is spread for thousands of kilometers, even though the main deformation 
occurs in the vicinity of the fault (you could see the spread of this initial displacement at 
the first frames of the animation for the global propagation model). The tsunami wave is 
the result of the main portion of the displacement, but the model "sees" the entire 
displacement field and, as a result, small disturbance is propagating before the main 
tsunami wave. 
FIGURE 1.3 MOST Model results 
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FIGURE 1.4 Comparison of the MOST calculation with the News and Radar 
measurements 
1.2.3 General comments 
The MOST simulation is quite accurate also at distances very far from the epicenter. 
Particularly good is the time of arrival in Tanzania, predicted with 15 minutes delay, 
after 9 h travel time. Particularly interesting is the simulation of 
1.3 INGV- Istituto Nazionale Geofisica e Vulcanologia 
Home Page htto://www.ingy.it 
Web site htto ://www. ingv .it/% 7 eroma/reti/rrns/terrem 
oti/estero/indonesia/indonesia.htm 
Type of simulation 3D 
Extent of the simulation Local Indian ocean 
Whole world 
Type of files Windows Media or Quick Time 
Size of files 563 kBytes, 587 kbytes, 273 kbytes 
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1.3.1 Model description 
Literature Review 
The code used for this simulation is based on a finite difference numerical scheme that 
solves the hydrodynamic equations in the shallow-water approximation. The cell size is 
2x2 minute and for 7 hours of propagation it takes about 6 hours of CPU time (on a 
laptop with a 1.7 GHz processor). The initial water elevation field is computed by 
means of the Okada's equations. 
1.3.2 Model results 
The preliminary simulation produced by this animation shows the propagation of the 
tsunami starting phase. Areas hit by high flood waves are shown in red for positive 
heights and green for negative heights. It is possible to see that already at initialization 
the disturbance towards Thailand is negative (water removal). This disturbance 
continues for the whole simulation. The fault length and width is 700 and I 00 km 
respectively, the slip amplitude is 20 m and the dip angle is 15 degrees. It is not clear 
which is the maximum height of the wave when it travels in the Ocean. 
Maximum water elevation 
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FIGURE 1.6 Comparison of the INGV calculation with the News and Radar 
measurements 
1.3.3 General comments 
The simulation is rather accurate. The timing is quite well reproduced, with a slight 
delay of arrival in Maldives. 
1.4 JRC Tsunami Propagation Model 
Home Page ht!J2:/ /tsunami.jrc.it 
Web site ht!J2://tsunami.jrc.it/model/model.asp 
Type of simulation On-line procedure 
1.4.1 Model description 
The simulation is simply based on the shallow water approximation for velocity of 
gravity driven waves. It uses a coarse 5 minute Ocean Bathymetry (generally known as 
ETOP05 data) to calculate the local velocity at each point on the wave front. No wave 
diffraction or hydrodynamic effects are currently included. It's purpose is just to rapidly 
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Literature Review 
predict arrival times for line of sight coasts, for inclusion in immediate Earthquake 
alerts in Oceanic areas. The JRC Tsunami Model runs in about 15 son a 1.7 GHz Intel 
Processor; the use of a faster CPU can reduce the CPU time even further. 
1.4.2 Model results 
The timings are not very correct because, as an example, the wave arrives in Sri-Lanka 
at 2:48, while in reality was at I :32. The reason of this difference is the shallow depth at 
the point of the epicenter, about 618 m, which gives an initial velocity of about 280 
km/h. 
FIGURE 1.7 Resulting page from the calculation on-line for the 26th December 
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FIGURE 1.8 Comparison of the JRC Model with the news and radar measurements 
1.4.3 General comments 
One problem of this model is the presence of isles. The model does not take diffraction 
into account (i.e. it doesn't curve the wave front round obstacles). Hence when it hits 
land it appears to shadow casts behind. 
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CHAPTER2 
INTRODUCTION TO WORLD OCEANS 
2.0 PROFILE OF AN OCEAN 
The world oceans are introduced in this chapter to better understand the phenomenon of 
tsunamis. 11171 percent of the Earth's surface is covered by oceans while the remaining 
29 percent is of land. The world ocean has been categorized into five oceans namely 
Pacific Ocean, Atlantic Ocean, Indian Ocean, Arctic Ocean and Antarctic Ocean. 
However, it remains common practice to divide the world ocean into the four 
independent oceans, excluding Antarctic Ocean. Figure 2.1 below shows the fraction of 
each ocean. 
If the physical features of Earth's surface are dramatic on land, they are even more so 
under the ocean. The oceans are much deeper than the land is high; [Zlthe average depth 
of the oceans is about 12,470 feet (3,800 m), whereas the average height of the land 
above sea level is 2, 760 feet (840 m). The tallest mountain emerging from the sea is 
Mauna Kea in Hawaii at about 33,450 feet (10,200 m) above the ocean floor; on land, 
Mount Everest reaches 29,020 feet (8,848 m) above sea level. The Grand Canyon in the 
United States, one of the deepest canyons on land at 5,300 feet (1,615 m) deep almost 
pales into insignificance against the Mariana Trench, which is 36,163 feet (11,022 m) 
below sea level and about 16,400 feet (5,000 m) below the level of its flanking seafloor. 
The physical features of the ocean floor are dominated by the workings of plate 
tectonics and seafloor spreading; broadly speaking there are similarities in the physical 
features of the ocean floor across the world. The seafloor is divided intra three regions; 
the continental margins, the ocean-basin floor, and the mid-oceanic ridge. 
[I) Ross D.A., 1995 
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FIGURE 2.1 Distribution ofland and water 
FIGURE 2.2 World oceans atlas 
(Source: http:// www.welt-atlas.de) 
[']Garrison T., 2002 
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2.1 THE PACIFIC OCEAN 
Introduction to World Oceans 
[JJThe Pacific Ocean covers more than a third of the surface of the globe and is by far 
the world's largest ocean. It is also the deepest ocean, and the Mariana Trench of the 
Northwest Pacific is the deepest place on Earth, at about 7 miles (11 km) below sea 
level. Distances across the Pacific are equally daunting; from the equatorial west coast 
of South America to the easternmost islands of Indonesia is about 10,000 miles (16,000 
km). 




Volume of water 
Geology 
64 X 106 mi2 (166 X 106 km2) 
13,741 feet (4,188 m) 
36,161 feet (11,022 m)- Mariana Trench 
167 x 106 mi3 (696 x 106 km3) 
Geologically, the Pacific Ocean basin is very active. It comprises one of Earth's largest 
crustal plates, and its mid-ocean ridges are constantly producing new ocean crust; 
indeed, the East Pacific Ridge is one of the world's fastest spreading plate boundaries. 
The oceanic crust on either side of the ridge is moving apart at the rate of around 15 em 
(6.5 in) per year. 
The edges of the plate submerge below surrounding plates so that the whole of the 
Pacific basin is encircled by destructive plate margins. This result in a ring of 
volcanoes, both active and dormant, that are a testament to the geological stresses 
generated by these boundaries called the Ring of Fire. 
['1All information on the five oceans are obtained from Day T., 1999 
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FIGURE 2.3 Bathymetry of North Pacific Ocean 
(Source : http://www.mapquest.com) 
FIGURE 2.4 Bathymetry of South Pacific Ocean 
Human Population 
Introduction to World Oceans 
Bordering the Pacific Ocean are some of the world's most populous countries, including 
China, Japan and Russia to the west and the United States and Brazil to the east. These 
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five alone make up more than one-third of the world's population. Based on the United 
Nations Human Development Index, most of the countries bordering the Pacific Ocean 
are among the most highly developed, with some exceptions such as Guatemala to the 
east and Vietnam, Cambodia and Papua New Guinea to the west. The islands of the 
South Pacific are not the idyll so commonly depicted, and levels of development are 
often low in these areas. 
2.2 THE ATLANTIC OCEAN 
The Atlantic, the second largest ocean, contains about one-quarter of the world's 
oceanic water and is about one-half the volume of the Pacific Ocean. Its most prominent 
underwater feature is the Mid-Atlantic Ridge that curves through the basin roughly 
halfway between North and South America to the west and the coast of Europe and 
Africa to the east. The Puerto Rico Trench, close to the West Indies, is the deepest part 
of the Atlantic, at more than 5.6 mi (9 km) below sea level. 




Volume of water 
Geology 
32 X 106 mi2 (84 X 106 km2) 
12,612 feet (3,844 m) 
30,248 feet (9,219 m)- Puerto Rico Trench 
77 X 106 mi3 (323 X ] 06 km3) 
Geologically, the Atlantic Ocean basin is less obviously active than the Pacific. Along 
the zigzag middle line of the Atlantic basin, the Mid-Atlantic Ridge produces seafloor 
spreading at the rate of 0.4 - 0.8 in (I - 2 em) per year. There are only minor 
destructive plate boundaries, and these are found where continents are moving past one 
another, as in Atlantic-connected seas of the Caribbean and the Mediterranean. Thus the 
Atlantic Ocean is gradually expanding. 
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FIGURE 2.5 Bathymetry of North Atlantic Ocean 
FIGURE 2.6 Bathymetry of South Atlantic Ocean 
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Human Population 
Introduction to World Oceans 
Bordering the Atlantic Ocean is many of the world's most economically developed 
countries, particularly those of the North America and North-west Europe. Three of the 
world's largest cities, Buenos Aires, Rio de Janeiro, and Sao Paulo, are located along 
the east coast of South America and border the South Atlantic. 
2.3 THE INDIAN OCEAN 
The Indian Ocean, the third largest ocean, occupies about one-fifth of the world's 
surface area of oceanic water. The surface condition of the northern Indian Ocean; the 
Arabic Sea and the Bay of Bengal, are dominated by monsoon winds that reverse 
direction seasonally. Far south of the equator, the Indian Ocean basin opens out into the 
Antarctic Ocean and South Atlantic. The Indus and the Ganges-Brahmaputra, two of the 
world's largest river systems, empty into the Indian Ocean. They have created 
enormous fans of sediments brought down from erosion of the Himalayas, which in tum 
has created large areas of shallow water off the Indian coast. 




Volume of water 
Human Population 
28 X 106 mi2 (73 X 106 km2) 
12,704 feet (3,872 m) 
24,460 feet (7,455 m)- Sunda Trench 
68 X 106 mi3 (284 X 106 km3) 
Countries bordering the north coast of the ocean; Pakistan, India, and Bangladesh, are 
among the poorest in the world. This is the most congested part and the highest 
population densities are often found in low-lying areas. When natural disasters strike 
the loss of life may be enormous. The countries of the North Indian Ocean contrast with 
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FIGURE 2.7 Bathymetry oflndian Ocean 
Introduction to World Oceans 
the relatively affluent countries within Indonesia and Australasia to the east. Some oil-
rich states, such as Oman and Iran, lie to the northwest. Five of the world's largest 
cities; Bangkok, Bombay, Calcutta, Karachi and Jakarta, lie on or near Indian coasts. 
Along the West Africa coast, most countries, except South Africa, are still relatively 
underdeveloped, and much of the activity in this region is at a subsistence level. 
2.4 THE ARCTIC OCEAN 
The Arctic Ocean around the North Pole is the world's smallest and shallowest ocean. 
Unlike other oceans, it is virtually surrounded by land. It is almost enclosed by Russia, 
Eurasia, Greenland, and North America and is contained by four major basins separated 
by three oceanic ridges; Alpha Ridge, Lomonosov Ridge and N ansen Cordillera. As an 
ocean, the Arctic is particularly unusual in having vast areas of continental shelf- up to 
1600km wide off the Eurasian land-mass - forming extensive shallow areas. It is 
covered by a skin of floating ice to a depth of 10 feet (3 m) or so. During the winter, the 
sea ice extends over most of the Arctic Ocean; in summer, when temperatures rise well 
above freezing, the sea ice shrinks to about half that of the winter coverage. 
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Volume of water 
Introduction toW orld Oceans 
4.7 X 106 mi2 (12.2 X !06 km2) 
3,665 feet (1,117 m) 
17,878 feet (5,449 m)- Eurasian Basin 
3.3 X 106 mi3 (13.7 X !06 km3) 
FIGURE 2.8 Bathymetry of Arctic Ocean 
2.5 THE ANTARCTIC OCEAN 
The Antarctic Ocean is, like the Arctic, extremely cold and substantially frozen. It is an 
open ocean that surrounds a continent, rather than an ocean enclosed by continents. 
Antarctica itself comprises an ice-covered landmass about twice the size of Western 
Europe and straddling the South Pole. The region contains about 90 percent of the 
planet's permanent ice; the South Polar icecap averages more than 1,600 m deep, 
compared to the few dozen meter at the North Pole. 
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ANTARCTIC OCEAN: DATA FILE 
Total area 
Area of permanent sea ice 
Total area of sea ice in winter 
Maximum depth 
13.5 X 106 mi2 (35 X 106 km2) 
1.2 X 106 mi2 (3 X 106 km2) 
3.9 X 106 mi2 (10 X 106 km2) 
17,878 feet (5,449 m) 
FIGURE 2.9 Bathymetry of Antarctic Ocean 
In this project, the forecasting of tsunami travel time will covered these five oceans. 
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3.0 INTRODUCTION TO TSUNAMI 
Tsunamis 
*Tsunamis are generated when an earthquake or volcanic eruption moves a section of 
seafloor or coast and produces abrupt displacement of the ocean water. Tsunamis are 
not related to tides, but are often incorrectly called "tidal waves". [41The term tsunami 
was adopted for general use in 1963 by an international scientific conference. Tsunami 
is a Japanese word represented by two character: "tsu" and "nami". The character "tsu" 
means harbour, and the character "nami" means wave. 
Tsunamis consist of a series of waves with extremely long wavelengths (typically 100 
to 200 km) and periods (typically 10 to 30 minutes). Only a very small fraction of the 
ocean basin is deeper than 6 km and half of the ocean floor is less than 4 km deep. 
Hence, the water depth is almost always less than one twentieth of the tsunamis 
wavelength, which causes tsunamis to behave as shallow water waves. The speed of a 
shallow water wave is determined by the water depth. In water 4 km deep, tsunamis 
travel at approximately 200 m/s (720 km/hr), nearly the speed of a jet airliner. Because 
tsunamis are shallow water waves, their speed changes with depth and they are refracted 
as they pass over seafloor topography. Tsunamis can be spread out or focused by 
undersea ridges or depressions, just as wind waves are as they approach a coastline. 
When the tsunami is over deep ocean waters, its wave height rarely exceeds one or two 
meters. Therefore, ships at sea are not affected by tsunamis. Indeed, it is almost 
impossible to detect a tsunami at sea because of its very long wavelength and limited 
wave height. 
*For details on the life of tsunami refer Appendix 1 
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Tsunamis 
As a tsunami enters shallower water, it slows and its wavelength is reduced but its 
period is unchanged, as is true for any other wave. As a wave slows, the wave height 
increases. Because water depth is very small in comparison to a tsunami's wavelength, 
wave height builds very rapidly. The tsunami does not break like wind waves because 
its wavelength is so long that even a large increase in wave height does not produce 
steep unstable waves. Nevertheless, the leading edge of the tsunami wave can produce 
tremendous surf as it flows turbulently across the shore and coast. 
The tsunami reaches shore as a wave that can be tens of meters high and can take 5 to 
I 0 minutes to pass from trough to crest. As the tsunami moves inshore, sea level rises 
several meters above normal and enormous quantities of water are transported onshore 
and into any estuaries or rivers. The water simply keeps pouring onshore for several 
minutes as the wave crest approaches. The enormous energy stored in the wave is 
released as the water in the wave flows turbulently onto land and past any structures it 
encounters. Very strong currents and the equivalent of large breaking waves are 
generated as the water is concentrated in flows through harbours and channels and 
between structures. If the ocean is not calm when the tsunami arrives, wind waves will 
add to the tsunami wave and may contribute to the destruction as they break far inland 
from the normal surf zone. 
[SJThe impact that creates a tsunami may cause either a trough or a crest to be formed 
initially. At the coast, the first indication of the tsunami's arrival may be a rise in the 
normal level of the sea or a recession of the sea that lasts for several minutes and 
exposes large areas of seafloor that are not normally exposed. Regardless of whether a 
trough or crest arrives at the coast first, the tsunami will consist of several waves may 
be larger, but they eventually decrease in height. Waves can continue to arrive for 12 
hours or more. 
l'1The National Tsunami Hazard Mitigation Program 
l'ISegarA.D., 1997 
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3.1 CAUSES OF TSUNAMIS 
Tsunamis can be caused by a few different means: 
Tsunamis 
I) the down drop or upthurst of the Earth's crust which results m an 
earthquake; 
2) a large-scale undersea landslide; 
3) a submarine volcanic eruption of a certain degree; or potentially, 
4) a large meteor impact at sea. 
The vast majority of tsunamis result from earthquakes. 
How Earthquakes Cause Tsunamis 
A tsunami begins with an undersea earthquake. The force jolts the ocean floor, 
displaces water, and produces waves. Slowing as they enter shallow water, the waves 
begin to pile up. The waves can rise 100 feet (30 1/2 meters) or higher. Sweeping 
onshore, the fearsome walls of water wreck property and take lives. Warning centers 
around the Pacific Ocean detect approaching waves and alert people so they can head 
for high ground. 
Figure 3.1 below shows a subduction earthquake (one where a denser plates shifts 
below its neighboring plate, at left). Energy is transferred and the displaced water forms 
a wave. As the wave travels and enters shallower water in the coastal area, it begins to 
increase in amplitude. 
FIGURE 3.1 Killer wave 
(Source: Tsunami- National Geographic Kids) 
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Tsunamis are not always colossal waves when they come into the shore. In fact, " ... 
161most tsunamis do not result in giant breaking waves (like normal surf waves at 
the beach that curl over as they approach shore). Rather, they come in much like very 
strong and very fast tides (i.e., a rapid, local rise in sea level)". Nevertheless, there is 
destruction of life and of property by floating debris and impact of water. The tsunami 
produces a series of rushing waves and also a series of withdrawals. 
In Figure 3.2 below, it can be seen that a tsunami is very fast (the speed often compared 
with that of a jet) and it has a height of20 inches. 
Tsunami in deep ocean 
Speed: 45D-650mph 
FIGURE 3.2 Tsunami in deep ocean 
However, the effect of the tsunami reaching the shore is what needs to take into 
consideration. The speed is diminished but the wave height is increased drastically. 
Tsunami approaching shore 
FIGURE 3.3 Tsunami as approaching shore 
(Source: The Physics Behind The Wave) 
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How Volcanoes Cause Tsunamis 
Tsunamis 
171There are two different ways that volcanoes can cause seismic waves. One possibility 
is for a land-based volcano to break down and collapse, forcing large amounts of ash 
and debris into the water. This sudden change and displacement of the water column, 
transfers to kinetic energy and results in waves. More debris can create a bigger 
increase in wave amplitude and number. Tsunamis can also be induced by submarine 
volcanoes. These underwater volcanoes can collapse downwards or spew forth lava 
heating the surrounding water quickly. 
1. Orlglnlll summit 
of volcano 
FIGURE 3.4 Schema of a volcanic eruption 
How Landslides Cause Tsunamis 
Less frequently, tsunami waves can be generated from displacements of water resulting 
from rock falls, icefalls and sudden submarine landslides or slumps. Such events may 
be caused impulsively from the instability and sudden failure or submarine slopes. 
Landslides are similar to volcanoes that avalanche into the sea. They occur in the water 
and often are triggered by earthquakes. 
l'lLindsay Springer, 
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There is an instance in 1958 where a tsunami was caused by rockfall in Lituya Bay, 
Alaska. In this instance, a gigantic boulder was loosed by an earthquake along the 
Fairweather fault and [Blapproximately 40 million m3 rock fell into the bay causing a 
tsunami that went out to sea. The generated wave reached an incredible height of 520 m 
on the opposite side of the inlet. An initial huge solitary wave of about 180 m raced at 
about 160 km/hr within the bay debarking trees along its path. However, the tsunami's 
energy and height diminished rapidly away from the source area. 
FIGURE 3.5 Tsunami generated form seafloor landslide 
3.2 GEOGRAPHY OF TSUNAMIS 
19181 percent of the world's largest earthquake and about 90 percent of all tsunamis 
occur in the Pacific Ocean, where it is encircled by a 40,000 km long of the Ring of 
Fire, shown in Figure 3.6. Ring of Fire is a zone of frequent earthquake and volcanic 
eruptions. It is associated with a nearly continuous series of oceanic trenches, island 
arcs, and volcanic mountain ranges and/or plate movements. 
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FIGURE 3.6 The Pacific Ring of Fire 
(Source : US Geological Survey (USGS)) 
Tsunamis 
Statistical data extracted from the National Oceanic and Atmospheric Administration 
(NOAA) indicates that most of the source of tsunami is caused by earthquake. Figure 
3. 7 below shows the allocation of causes of tsunamis from the year before century up to 
2005. By far, the most destructive tsunamis are generated from large, shallow 
earthquakes with an epicentre or fault line near or on the ocean floor. Second largest 
contributor to tsunami is identified as null due to lack of proved evidence on the causes 
where most of these events occurred at the early years of before century. 
['1http://www.extremescience.com/BiggestWave.htm 
['1http://en. wikipedia.org/wiki/Pacific _Ring_ of _Fire 
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FIGURE 3.7 Tsunami data from -2000BC to 2005 
(Source :National Oceanic and Atmospheric Administration (NOAA)) 
Tsunamis 
Data shown below representing the distribution of tsunamis in the world's oceans and 
seas: 
TABLE 3.1 Location and percentage distribution of tsunami 
Location 
Atlantic East Coast 
Atlantic West Coast 
Mediterranean 
Caribbean 
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3.3 TSUNAMI WARNING SYSTEM 
Tsunamis 
A tsunami warning system is a system to detect tsunamis and issue warnings to prevent 
loss oflife and property. It consists of two equally important components : a network of 
sensors to detect tsunamis and a communications infrastructure to issue timely alarms to 
permit evacuation of coastal areas. 
There are two distinct types : international tsunami warnmg systems, and regional 
warning systems. Both depend on the fact that, while tsunamis travel at between 500 
and 1,000 km/h in open water, earthquakes can be detected almost at once as seismic 
waves travel with a typical speed of 4 km/s. This gives time for a possible tsunami 
forecast to be made and warnings to be issued to threatened areas, if warranted. 
Unfortunately, until a reliable model able to correlate earthquakes to tsunami is 
available alarms raised measuring only seismic waves should be considered only as 
warnings. To be sure, tsunami waves must be observed in open water as far as possible 
by the coast, using real time operating seafloor observatories. 
3.3.1 International Warning Systems (IOC) 
Pacific Ocean 
Tsunami warnings for most of the Pacific Ocean are issued by the Pacific Tsunami 
Warning Center (PTWC), operated by the United States's NOAA in Ewa Beach, 
Hawaii. NOAA's West Coast/Alaska Tsunami Warning Center (WC/ATWC) in Palmer, 
Alaska issues warnings for the west coast of North America, including Alaska, Canada, 
and the western coterminous United States. PTWC was established in 1949, following 
the 1946 Aleutian Island earthquake and a tsunami that resulted in 165 casualties on 
Hawaii and Alaska; WC/ATWC was founded in 1967. International coordination is 
achieved through the International Coordination Group for the Tsunami Warning 
System in the Pacific, established by the Intergovernmental Oceanographic Commission 
of UNESCO. 
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Indian Ocean (ICG/IOTWS) 
Tsunamis 
In response to the 2004 Indian Ocean Tsunami which killed more than 200,000 people, 
a United Nations conference was held in January 2005 in Kobe, Japan, and decided that 
as an initial step towards an International Early Warning Programme, the UN should 
establish an Indian Ocean Tsunami Warning System. 
North Eastern Atlantic, the Mediterranean and connected Seas (ICG/NEAMTWS) 
The First Session of the Intergovernmental Coordination Group for the Tsunami Early 
Warning and Mitigation System in the North Eastern Atlantic, the Mediterranean and 
connected Seas (ICG/NEAMTWS), established by the Intergovernmental 
Oceanographic Commission of UNESCO Assembly during its 23'd Session in June 
2005, through Resolution XXIII.14, took place in Rome on 21'' and 22nd November, 
2005. The Meeting, hosted by the Government of Italy (Italian Ministry of Foreign 
Affairs and Ministry for Environment and Protection of the Territory), was attended by 
more than 150 participants from 24 countries, 13 organizations and numerous 
observers. 
3.3.2 Regional warning systems 
Regional (or local) warning system centres use seismic data about nearby earthquakes 
to determine if there is a possible local threat of a tsunami. Such systems are capable of 
issuing warnings to the general public (via public address systems and sirens) in less 
than 15 minutes. Although the epicenter and moment magnitude of an underwater 
quake and the probable tsunami arrival times can be quickly calculated, it is almost 
always impossible to know whether underwater ground shifts have occurred which will 
result in tsunami waves. As a result, false alarms can occur with these systems, but due 
to the highly localised nature of these extremely quick warnings, disruption is small. 
Few of the organizations are given in Appendix 2 for reference. 
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3.4 PREVIOUS TSUNAMIS 
Tsunamis 
Tsunamis occur most frequently in the Pacific Ocean, but are a global phenomenon; 
they are possible wherever large bodies of water are found, including inland lakes, 
where they can be caused by landslides. Very small tsunamis, non-destructive and 
undetectable without specialized equipment, occur frequently as a result of minor 
earthquakes and other events. List of past tsunamis are shown in the Appendices 3 to 8 
attached. Since most of the tsunamis are caused by earthquakes, Appendix 9 shows lists 
of significant earthquakes occurred for the past decades. 
3.5 TSUNAMIS SYNDROME AND ITS LOCAL EFFECTS 
Tsunamis are always triggered by the simultaneous or advance occurrence of a large 
earthquake, a volcanic eruption or caldera collapse, an earth landslide, or a submarine 
slumps, among other possible causes. Near the source, the arrival of a local tsunami 
resembles the concurrence of several phenomena running together, whose noticeable 
effects may happen almost simultaneously. [lOJThe main effects of the interaction of this 
tsunami syndrome with the coast are : 
a. Sinking or rising sea-level and/or land-level in short (hours) or long term (years) 
b. Inundation and currents 
c. Earth landslide and/or submarine slumps 
d. Soil deformation and/or liquefaction 
e. Sediment : erosion-transport-deposition 
f. Vegetation : uprooting-destruction-immersion 
g. Exposure of the subaqueous (below inter-tidal level) marine life 
h. Salt water penetration into the inland soil 
1. Shoreline alteration 
J. Destruction and damage to human life, man-made structures and infrastructure 
k. Inland and seaward transport of objects (ships, vehicles, structures) 
[!OJ Woo G., 1999 
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Example of disastrous damage is the Asian Tsunami (3.316°N, 95.854°E) where a great 
earthquake occurred at 6.58am local time, on Sunday, 26 December 2004. The 
magnitude 9.0 event was located off the West coast of Northern Sumatra. By 30 
December 2004 the death toll from the Asian tsunami disaster has risen to over 100,000 
people, and by 05 January 2005 the number approaches 150,000. 
FIGURE 3.8 Radar imaging of the tsunami two hours after the earthquake 
(Source : Wikipedia) 
1111In Sri Lanka, the southeastern coastline coastline was the worst hit. Almost the entire 
seafront was obliterated, with no buildings within 100 meters of the waterfront escaping 
undamaged. In India the Andaman Islands, Nicobar Islands, Kerala, Tamil Nadu, 
Chennai, Andhra Pradesh were all affected. 
[J ' 1 All information on the damages is from GlobalSecurity.org 
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With half of the casualties being reported from Sumatra, Indonesia-the region nearest to 
the earthquake's epicenter-international relief organization officials warn that the overall 
casualty figures could rise to over 100,000. The death toll in Indonesia's Aceh province 
from a quake and tsunami that struck on Sunday might reach between 50,000 and 
80,000. There were about 10,000 deaths in Meulaboh, the south-coast town nearest to 
the epicenter. Surveillance from flights over the town indicated it had been "wiped out", 
with up to 80 percent of buildings destroyed, raising fears for the fate of the area's 
100,000 residents. 
In Thailand, this caused great loss of life and destruction to buildings and infrastructure 
in Phuket, Phi Phi Island, Krabi, and other smaller islands in that vicinity. Along the 
eastern coast of Phuket island, waves crashed over Rassada Pier as passengers were 
waiting to board ferries for Phi Phi Island. The Laguna Phuket was protected from a 
direct hit by the headland to its South and thus spared the serious damage reported from 
other areas of the island. Other areas affected included Bang Tao Beach, Kamala Beach, 
Patong Beach, Kala Beach, Karon Beach, Nai Ham Beach and Phuket Fantasea. There 
was total destruction of resort properties and infrastructure on the Phi Phi islands, and 
all operations had ceased. Phuket's Patong beach along the west of the island took the 
bulk of the damage, and two-thirds of Thailand's fatalities occurred there. 
The Maldives's only international airport on the tiny island of Hululle reopened early on 
27 December, after workers pumped out water that had inundated the runway. The 
entire island of Dhiffushi, a prime tourist destination, was submerged and would have to 
be rebuilt. 
In Myanmar damage was reported only in the southern archipelago, with minimal to no 
impact reported at N gapali, Chauntha, and N gwe Saung beaches. Praslin Island m 
Seychelles was also hit 
December 2006 37 
• Final Year Project Tsunami Motion 
Final Report 
FIGURE 3.9 Part of the devastation of Banda Aceh on the island of Sumatra 
(Source : Wikipedia) 
Tsunamis 
In April 2005 the number of people killed in the December 26 tsunami disaster which 
devastated 11 Indian Ocean countries has been revised down to 217,000 after Indonesia 
drastically reduced its number of missing. 
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Tsunami's Speed and Height 
CHAPTER4 
TSUNAMI'S SPEED AND HEIGHT 
Tsunami waves can engulf a coastal community within minutes of their birth and cause 
loss of life, catastrophic destruction to structures and infrastructure, and severe erosion 
of the shoreline by hours of repeated attack of waves many minutes apart. 
Tsunami is a large sea wave that can be generated by a major disturbance producing a 
vertical displacement of the sea floor resulting in the displacement of a large volume of 
water. Once formed, this wave surges outward in all direction. 
Tsunamis are shallow-water waves, which mean that the ratio between water depth and 
wavelength is very small. Its speed depends upon the depth of the water, and 
consequently the waves undergo accelerations or decelerations in passing respectively 
over an ocean bottom of increasing or decreasing depth. By this process the direction of 
wave propagation also changes, and the wave energy can become focused or defocused. 
To simulate the progress of the tsunami, several hydrodynamic models are required. 
The first is a model for ocean propagation of the tsunami. For a large earthquake, a 
tsunami will be tens of kilometres wide, and of the order of I 00 km long, and have a 
height typically around 10 m or less. [IOJGiven that the ocean depth y is generally not 
more than a few kilometres, the use is justified of shallow-water (long wave) fluid 
dynamical theory as a first-order approximation, yielding gravity waves travelling with 
speed shown in equation I below. This equation will be used throughout this study in 
order to achieve the objective of the project. 
1101Woo G., 1999 
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v=ygy (I) 
where v is the speed of tsunami 
g is the acceleration of gravity 
y is the ocean depth 
Tsunami's Speed and Height 
[IZJA useful measure of depth effect is the scattering index, S, derived from the theory of 
lineal ridge scattering. 
S= 1- Tmin (2) 
Here Tmin = 2E I (1 - E2), where E =yH1 I Ho. This index provides an effective tool for 
identifying those topographic features in the ocean that are likely to scatter or reflect 
significant tsunami wave energy. 
The initial height of tsunami wave is usually the order of vertical bottom displacement, 
while the initial length of tsunami wave is the size of the disturbed area. As the tsunami 
travels to nearshore, the water depth decreases, the tsunami waves slow down and 
become compressed, causing them to grow in height (shoaling process). 
(Source : Indian Ocean Tsunami) 
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Tsunami's Speed and Height 
As a tsunami enters shallow water and approaches a shore, it increases in height, 
steepness, and curvature of water surface, as kinetic energy is transformed to 
gravitational potential energy. To compute the runup of a tsunami onshore, it is 
necessary to calculate the motion of an offshore long wave evolving over variable 
depth. This calls for solution of the nonlinear shallow-water equations in the nearshore 
region. If u and v are depth-averaged velocities in the onshore x and offshore y 
directions, and h is the tsunami wave height : 
oh + O(uh) o(vh) 0 Ot OX + oy 
ou 
+ uou + 
ou 
+ goh god (3) v-
ot ox oy ox ox 
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In the deep ocean, tsunami waves can travel at speeds of 500 to I ,000 kilometres per 
hour. Near shore, however, a tsunami slows down to just a few tens of kilometres per 
hour. For example, at the deepest ocean depths the tsunami wave speed will be as much 
as 800 kmlhr, about the same as that of a jet aircraft. Since the average depth of the 
Pacific Ocean is 4000m, tsunami wave speed will average about 200m/s or over 
700km!hr. 
As the tsunami wave reaches the shallower water above the continental shelf, friction 
with the shelf slows the front wave. The wavelength shortens, and the height increases. 
As the wave approaches shore, large volume of water is withdrawn as wave rises 
seaward. As the leading edge of the tsunami encounters shallow water so it slows down 
faster than the trailing edge (Figure 4.2). This then increases the height. 
[I'lMofjeld H. 0., 2000 
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Tsunami in deep ocean 
Tsunami's Speed and Height 
Speed: 4S0.650mph 
Speed: 30-200mph 
FIGURE 4.2 In deep water the Tsunami cannot be noticed, but in shallow water it 
rapidly increases in height as it slows. 
(Source : Annunziato A., Best C., 2005) 
1131From conservation of energy, wave height varies with depth as in equation below. A 
tsunami that is just a meter in height in the deep ocean can grow to tens of meters at the 
shoreline. Unlike familiar wind-driven ocean waves that are only a disturbance of the 
sea surface, the tsunami wave energy extends to the ocean bottom. Near shore, this 
energy is concentrated in the vertical direction by the reduction in water depth, and in 
the horizontal direction by a shortening of the wavelength due to the wave slowing 
down. 
where His the wave height 
c is the speed of tsunami 
y is the ocean depth 
(4) 
Another equation obtained from Lab Math, Indonesia (No. I Vol. 1, September 2005), it 
simply states the result that amplitude is related to depth according to 
a
2 
..jy = constant 
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and so 
a - 11 \Jy 
Tsunami's Speed and Height 
(5) 
The relationship of equation (5) shows that the wave height of a tsunami wave 
travelling into shallow water is increasing by wave shoaling. In addition, the wave 
length is decreasing resulting in a steeper wave. Thus, shoaling is an important effect to 
be considered. 
The bay effect can be calculated by Green's law: 
where His wave height 
b is width of the bay 
d is water depth 
index o is offshore 
index x is onshore 
(6) 
Based on a compilation of historic, largely Pacific Ocean, data, Abe (1979) proposed 
the following equation for estimating the wave height, H, of a tsunami at a distant shore 
due to an earthquake of magnitude Mw 
(7) 
where B is a parameter that varies for each site and earthquake source. B can be 
determined using either historical data, or numerical modeling, or a combination of 
both. The data that Abe (1979) based this equation on has considerable scatter, so the 
relationship has significant uncertainty. 
1131Hinwood J., 2005 
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Height of wave at shoreline is dependent on the coastline topography as well. 
I. A submerged valleys cause refraction outward making smaller wave at shoreline 
at head of submerged valley. 
2. Platfonn extending seaward causes inward refraction, making larger wave at 
shoreline behind the extension. 
3. Coastal valleys funnel wave into increasingly narrow area causing wave height 
to increase inland. 
FIGURE 4.3 Evolution of wave height, in meters, as it is approaching shoreline 
(Source: WardS. N., DayS.) 
Tsunamis have periods (the time for a single wave cycle) range from just a few minutes 
to as much as an hour or exceptionally more. At the shore, a tsunami can have a wide 
variety of expressions depending on the size and period of the waves, the near-shore 
bathymetry and shape of the coastline, the state of the tide, and other factors. Other 
features which influence the size of a tsunami along the coast are the shoreline 
configuration, the velocity of the sea floor deformation, the slope of the basin and the 
efficiency which energy is transferred from the earth's crust to the water column. 
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5.0 MAJOR SEA PORTS 
Data Collected 
38 mam ports and terminals around the world have been identified as shown in 
Appendix I 0. Most of these ports and terminals were selected based on their position 
and exposure to open seas as well as their economic activities. Ports exposed to open 
seas have the potential to be badly damaged once hit by a destructive tsunami. Ports 
surrounded by headlands and channel are selected as well considering the effect of 
refraction, reflection and diffraction of water waves towards these ports. However, 
further studies need to be carried out to determine the impact of tsunami towards these 
later ports. 
5.1 ETOP0-2 
As mentioned earlier in Chapter 4, the tsunami's speed and height are both affected by 
the ocean's floor profile. ETOP0-2 software developed by National and Atmospheric 
Administration, NOAA is used in obtaining the profile of the oceans especially for 
Pacific, Atlantic and Indian oceans. It is a digital database of seafloor and land 
elevations on a 2-minute latitude/longitude grid. (1 minute oflatitude = I nautical mile, 
or 1.852 km). Figure 5.1 to 5.3 below show examples of the software. 
ETOP0-2 covers 360 degrees of longitude from 180 West eastward to 180 East and 
latitude coverage is from 90 degrees North to 90 degrees South. The resolution of the 
grid data varies from true 2-minute for the Atlantic, Pacific, and Indian Ocean floors 
and all land masses to 5 minutes for the Arctic Ocean floor. 
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FIGURE 5.3 Zoom to 10000 or less points to display or edit points 
Data Collected 
5.2 RELATIONSHIP BETWEEN BATHYMETRIC AND TRAVEL TIME 
Throughout this chapter, only the speed of a tsunami wave will be discussed based on 
equation (1) in Chapter 4. Figure S.lf below shows the Asian Tsunami travel time 
obtained from JRC Model; an online tsunami propagation model, that occurred on 
December 26, 2004 with an epicentre 3.316°N 95.854°E. 
Four locations (Ll, L2, L3 and L4) were selected and the bathymetric profile along 
these rays where plotted by using ETOP0-2 (Figure 6.1). Equation of v = ..jgy is used 
to calculate the tsunami's speed from this epicenter towards each four rays. The travel 
time can be calculated where dt = dx I v, which will be discussed in Chapter 6. The 
same procedures were done on various historic tsunamis to come out with a conclusion. 
The locations selected are actually the countries affected by the tsunamis and their 
actual travel time will then be compared with the calculated one. 
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FIGURE 5.4 Asian Tsunami travel time 
(Source : http://www.tsunami.jrc.it/model) 
Data Collected 
Tsunamis have the potential to threaten harbours or ports due to its location; closer to 
open ocean. Travel time of various tsunamis observed towards a selected port namely 
Port Los Angeles is compared with the equation of v = ..jgy by conducting the same 
procedures mentioned above. 
FIGURE 5.5 Past tsunamis travel time, hr, towards port Los Angeles 
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Figure 6.1 shows the result obtained from Asian tsunami data. By using the bathymetry 
profile (Figure 6.1 (b) to (e)), the travel time is calculated, dt = dx I v, where dt is the 
travel time differences, dx is the distance differences and v is the speed at average depth 
between the distance differences. Step by step procedures are as shown below. From 
Figure 6.1 (a), the relation between distance and travel time indicates that the travel 
time increases with the distance. The travel time for the wave to reach the further 
distance is higher compared to the nearest distance. The speed of tsunami wave is given 
I. A line is drawn from the epicentre of source of tsunami towards the location selected 
L 1 
Distance. km 






• 0 4000 
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6000 
2. Bathymetry profile along the line is constructed based on ETOP0-2 
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3. Travel time calculated based on bathymetry profile 
Data Analysis 
by the slope of this graph. The steeper the slope is, the faster the tsunami waves 
travelled. 
v = slope = tb: I dt 
where v is the speed of tsunami, kmlh 
tb: is the changes in distance, km 
dt is the changes in travel time, hr 
Theoretically v = ,jgy (Equation (1) in Chapter 4) and from the above relations, since 
v = tb: I dt it can be seen that the tsunami's speed increases as the ocean's depth 
increases. Take line Ll and L4 from Figure 6.1 (a) for example, where the slope is 
steeper in line L4 compared to L 1. This is due to the bathymetry profile where L4 has 
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Data Analysis 
deeper ocean's depth than LI. The same results were obtained for other historic 
tsunamis where the Equation (1) is applied. 
Since v = ..,fgy , where g is the acceleration of gravity and y is the ocean's depth, 
decreasing in depth as the tsunami approaches shore caused slower tsunami wave. This 
relationship can be seen in Figure 6.2 below. 
Asian Tsunami 
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FIGURE 6.1 Relationship between bathymetry and travel time (a) Graph of distance 
versus wave travel time (b) to (e) Bathymetric profile along each four rays 
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FIGURE 6.2 Tsunami speed calculated by v = sqrt (gy) 
Data Analysis 
5000 6000 
From the Asian tsunami data, 16 countries identified to have been affected by the 
tsunami. However, only four countries, namely, Sri Lanka, India, Indonesia and 
Somalia were provided with the actual travel time. The differences in both actual and 
calculated time are shown in Table 6.1 
Percentage difference between the actual and calculated travel time for Indonesia is 
significantly high, 109%. This is due to the barrier encountered by the wave during its 
propagation. The effects of refraction, reflection and diffraction need to be considered 
for this situation and thus the simple wave's speed equation used will be modified. 
Another reason for such error is due to fact that the wave period is within 10 to 20 
minutes and by using this basic shallow-water equation, the model will not be able to 
predict any tsunamis below the wave period or location closest to the source of tsunami. 
When constructing the bathymetry profile along the lines of various tsunamis toward 
Port Los Angeles (Figure 5.5), ETOP0-2 is used. Equation of v = .Jgy is used to 
calculate the theoretical travel time (from the bathymetry profile constructed) shown in 
Table 6.2. 



















TABLE 6.1 Travel time observed and calculated for Asian tsunami 
Location Earthquake Travel time Travel time % 
Observed, hr Calculated, hr Difference 
A Colombo, Sri Lanka 2.333 1.793 23.15 
B India 2.000 1.961 1.95 
E Aceh, Indonesia 0.167 0.349 108.98 
F Somalia 7.000 4.423 36.81 
G Manzanillo, Mexico nil - -
H Maldives nil - -
I Myanmar nil - -
J Malaysia nil - -
K Seychelles nil - -
L Bangladesh nil - -
M Madagascar nil - -
N Mauritus nil - -
0 Tanzania nil - -
p Kenya nil - -
Q Oman nil - -
R Australia nil - -
TABLE 6.2 Travel time observed and calculated of various historical tsunamis towards Port Los Angeles 
Location Earthquake Travel time Travel time % 
Observed, hr Calculated, hr Difference 
A 1975, Hawaii 5.4 4.64 14.07 
B 1946, Unimak Island, Alaska 6.0 5.64 6.00 
c 1957, Aleutian Island, Alaska 6.4 6.25 2.34 
D 1964, Prince William Sound, Alaska 7.0 5.31 24.14 
E 1923, Kamchatka, Russia 9.0 7.62 15.33 
F 1952, Kamchatka, Russia 9.0 8.06 10.44 
G 1952, Hokkaido, Japan 10.5 10.10 3.81 
H 1968, Honshu, Japan 10.5 9.90 5.71 
I 1944, Kii Peninsula, Japan 12.0 11.26 6.17 
J 1946, Honshu, Japan 12.3 12.64 2.76 
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FIGURE 6.4 Relationship between bathymetry and travel time 
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Data Analysis 
From Figure 5.5, tsunami travel time for G and H tsunamis are similar even though 
distance ofH is much further. This is due to the effect of bathymetry profile as shown in 
Figure 6.4 (e) and (f) where both rays have similar bathymetry depths. While forB and 
D tsunamis, even though the distance is quite similar, bathymetry along B ray is deeper 
compared to D thus giving it higher tsunami speed and shorter travel time. However, 
further studies on this equation will be conducted and may be modified depending on 
the results obtained. 
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The calculations previously shown are very detailed but they cannot be used for a large 
repetition of events involving numerous locations. In this study, a rather simplified 
model able to predict the correct time of arrival of the wave in the various location close 
to the epicenter is developed. The model is written in C for the calculation part. 
The aim of this project is to rapidly estimate travel times of a hypothetical tsunami risk 
for inclusion in any warning or alert system available. The simulation is simply based 
on the shallow water approximation for velocity of gravity driven waves. It uses a fine 
2-minute Ocean Bathymetry (generally known as ETOP0-2 data) to calculate the local 
velocity at each point on the wave front. No wave diffraction or hydrodynamic effects 
are currently included. Its purpose is to rapidly predict arrival times for line of selected 
ports. 
Starting from the literature equation v = ~gy, a fast running predictive model has been 
developed, based on the above formula and detailed bathymetry data. The calculation is 
performed for each intersection of grid starting from the source of tsunami calculating, 
step by step, the local velocity. The distance dx from the epicenter at time dt, is a 
function of the grid intersection, which represent in Figure 7 .1. 
The operation is repeated until the distance reached the selected port. The arrival time is 
the total time of dt calculated. The model is extremely sensitive to the bathymetry, 
which therefore has to be specified very carefully. Example of program calculation is 
attached in Appendix 11. 
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FIGURE 7.1 Logic for the propagation model 
Program Description 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
Two problems of this program are the presence of land mass and short distance of 
affected ports. The model does not take diffraction into account (i.e. it doesn't curve the 
wave front round obstacles). Hence when it hits land it appears to have bigger 
difference in travel time calculated compared to observe. This problem can be resolved 
with a much detailed calculation which considers the diffraction and refraction. For the 
short distance situation, by considering the wave front movement in deeper topography, 
the calculations can be more accurate. 
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Great effort is being dedicated in various countries to the understanding of the 
characteristics of the devastating tsunami in order to prepare early warning tools and 
systems which may allow an effective alerting mechanism for the population. The 
report compared the calculated model of the 261h December Tsunami propagation as 
well as various historic tsunamis with available data to check whether the models could 
predict the tsunamis arrival times. In general it was found that the formulation of speed 
used in the model requires modification to include effects of waves refraction. 
The aim of this project is proposed to develop a simple mathematical model for tsunami 
travel. A formulation of the speed and height capable of giving quantitative is required. 
Due to time and facilities constrained, the height of a tsunami is unable to be studied. It 
is hope that in future, this study can be further continued by another student to possibly 
improve the model to include the evaluation of the effect of the tsunami. 
Towards the study of tsunami, the bathymetric configuration is known to affect the 
speed of tsunamis as shown in the equation of v = .Jgy where y is the ocean's depth. 
Tsunamis can be caused by a few different means: 
I) the down drop or upthurst of the Earth's crust which results in an earthquake 
2) a large-scale undersea landslide 
3) a submarine volcanic eruption of a certain degree; or potentially 
4) a large meteor impact at sea. 
However, the majority of tsunamis are resulted from earthquakes where 81 percent of 
them occurred in Pacific Ocean. 
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APPENDIX 1 The Life of A Tsunami 
Initiation 
Appendix 
Earthquakes are commonly associated with ground shaking that is a result of elastic 
waves travelling through the solid earth. However, near the source of submarine 
earthquakes, the seafloor is "permanently" uplifted and down-dropped, pushing the 
entire water column up and down. 
The potential energy that results from pushing water above mean sea level is then 
transferred to horizontal propagation of the tsunami wave (kinetic energy). For the case 
shown above, the earthquake rupture occurred at the base of the continental slope in 
relatively deep water. Situations can also arise where the earthquake rupture occurs 
beneath the continental shelf in much shallower water. 
Note: In the above figure, the waves are greatly exaggerated compared to water depth. 
In the open ocean, the waves are at most several meters high, spread over many tens to 
hundreds of kilometres in length. 
Split 
Within several minutes of the earthquake, the initial tsunami is split into a tsunami that 
travels out to the deep ocean (distant tsunami) and another tsunami that travels towards 
the nearby coast (local tsunami). 
The height above mean sea level of the two oppositely travelling tsunamis is 
approximately half that of the original tsunami. The speed at which both tsunamis travel 
varies as the square root of the water depth. Therefore the deep-ocean tsunami travels 
faster than the local tsunami near shore. 
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Several things happen as the local tsunami travels over the continental slope. Most 
obvious is that the amplitude increases. In addition, the wavelength decreases. This 
results in steepening of the leading wave--an important control of wave runup at the 
coast. 
Note also that the deep ocean tsunami has travelled much farther than the local tsunami 
because of the higher propagation speed. As the deep ocean tsunami approaches a 
distant shore, amplification and shortening of the wave will occur, just as with the local 
tsunami shown above. 
Run up 
As the tsunami wave travels from the deep-water, continental slope region to the near-
shore region, tsunami run up occurs. Run up is a measurement of the height of the water 
onshore observed above a reference sea level. 
Contrary to many artistic images of tsunamis, most tsunamis do not result in giant 
breaking waves (like normal surf waves at the beach that curl over as they approach 
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shore). Rather, they come in much like very strong and very fast tides (i.e., a rapid, local 
rise in sea level). Much of the damage inflicted by tsunamis is caused by strong currents 
and floating debris. The small number of tsunamis that do break often form vertical 
walls of turbulent water called bores. Tsunamis will often travel much farther inland 
than normal waves. 
Do tsunamis stop once on land? After runup, part of the tsunami energy is reflected 
back to the open ocean. In addition, a tsunami can generate a particular type of wave 
called edge waves that travel back-and forth, parallel to shore. These effects result in 
many arrivals of the tsunami at a particular point on the coast rather than a single wave. 
Because of the complicated behaviour of tsunami waves near the coast, the first runup 
of a tsunami is often not the largest, emphasizing the importance of not returning to a 
beach several hours after a tsunami hits. 
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APPENDIX 2 Tsunami Warning Systems and Centres 
No. Organization Operation Establish Contact No. 
I Western States • Promote understanding & study 1977 Address: 
Seismic Policy of seismic hazards 80 I K Street, Suite 1436 
Council • Provide advise & Sacramento, CA 95814 
(WSSPC) recommendations regarding Tel: 916-444-6816 
seismic hazards & risk Fax: 916-444-8077 
• Coordinates & implements Email : wssgc@wssJ2c.org 
tsunami hazards mitigation 
plans 
• Develop policies based on 
current technology & science 
• Translate knowledge into action 
• Considers need & requirements 
of seismic building codes 
2. West Coasts I • Locating & sizing earthquake 1967 Address: 
Alaska • Earthquake analysis, review & West Coast & Alaska 
Tsunami modification Tsunami Warning Center 
Warning • Obtain sea level data 910 S. Felton St. Palmer, AK 
Center(WA I 
• Calibrate models 99645 USA 
ATWC) 
• Disseminating information Tel: :907-745-4212 
Fax: :907-745-6071 
3. Pacific • Detect & locate major 1949 Address: 
Tsunami earthquakes National Weather Service 
Warning • Provide timely & effective Pacific Tsunami Warning 
Center tsunami information & warnings Center 
(PTWC) 91-270 Fort Weaver Rd 
Ewa Beach, HI 96706-2928 
Tel : 808 - 689- 8207 
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4. International 0 Provide information & expertise 
Tsunami 0 Provide training & capacity 
Information building in enhancing tsunami 
Center (!TIC) warning & mitigation systems 
5. National 0 Focused on condition of oceans 
Oceanic and & atmosphere 
Atmosphere 0 Supply information on state of 
Administration oceans & atmosphere 
(NOAA) 
6. Pacific Marine 0 Research & development 
Environmental activities in improving tsunami 
Laboratory warning & mitigation 
(PMEL) 
7. NOAA Center 0 Research & design of optimal 
for Tsunami tsunami monitoring networks 
Research 0 Develop & implementation of 
(NCTR) improved models 
0 Research & develop improved 
method to predict tsunami 
impacts 
8. USC Tsunami 0 inundation field surveys 
Research 0 numerical & analytical 
Center (TRC) modelling 
0 hazard assessment, mitigation & 
planning 
December 2006 
hosted by the US National 
Weather Service of NOAA, 
Honolulu, Hawaii 
1970 Address: 
14th Street & Constitution 
Avenue, NW, Room 6217 
Washington, DC 20230 
Tel : 202- 482-6090 
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APPENDIX 3 List of tsunamis 


























• Meteor impact created the 
Chicxulub Crater and caused 
the Cretaceous-Tertiary 
extinction event 
• Tsunami more than one 
kilometre high 
• Eruption of Santorini volcano 
• Tsunami estimated at 600 feet 
• Tsunami caused Bristol 
Channel floods 
• Cascadia Earthquake (one of 
largest earthquake on records) 
• Create tsunami logged in 
Japan and oral traditions of 
the Native Americans 
• Tsunami foJiowed 30 minutes 
after earthquake 
• Killed more than 91 ,667 
people 
• Explosion of an island 
volcano caused series of large 
tsunamis 
• Height reached over 40 m 
above sea level 
• Tsunami waves were 
observed throughout the 
Indian Ocean, Pacific Ocean, 
American West Coast, South 
America, and as far away as 
English Channel 
• Killed 36,000 people 
vi 
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Other tsunamis in South Asia 












Near Dabhol, Maharashtra 
Arakan Coast, Myanmar 
Rann ofKachchh, Gujarat, India 
Great Nicobar Island, India 
Car Nicobar Island, India 
Krakatau 
Mekran coast, Balochistan 
Banda Aceh, Indonesia; Tamil Nadu, Kerala, Andhra Pradesh, 
Andaman and Nicobar Island, India; Sri Lanka; Thailand; 
Malaysia; Maldives; Somalia; Kenya; Tanzania 
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Other historical tsunamis 
(Source : Wikipedia) 
No. Date Place 
I Circa 5 00 B. C Poompuhar, Tamil Nadu, 
India, Maldives 
2 1541 Sao Vicente 
3 20/01/1606 England and Wales 
4 26/01/1700 Vancouver Island, Canda 
5 1896 Sanriku, Japan 
6 1946 Aleutian Island 
7 9/07/1956 
8 26/05/1983 




• No record of deaths or injuries 
• Along the coast of the Bristol 
Channel thousands of people 
were drowned 
• Magnitude-9.0 Cascadia 
Earthquake 
• Massive tsunamis across the 
Pacific Northwest 
• Wave about 20m high 
• Drowned 26,000 people 
• Earthquake in the Aleutian 
Islands sent a tsunami to 
Hawaii 
• Killed !59 people (five died 
in Alaska) 
• Huge landslip caused a 
tsunami in the fjord shaped 
Lituya Bay, Alaska, USA 
• It travelled at over !50 km/h 
• Killed I 04 people in western 
Japan 
• Killed approximately 2,200 
people 
• A 7 .I magnitude earthquake 
24 km offshore was followed 
within II minutes by a 
tsunami about 12 m tall 
• The earthquake generated an 
undersea landslide 
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APPENDIX 4 Casualties resulted from Asian Tsunami 
Country where Deaths Injured Missing deaths occurred Confirmed Estimated1 
Indonesia 126,915 126,915+ -100,000 37,063 
Sri Lanka 30,957 38,195 15,686 5,6372 
India 10,749 16,413 5,640 
Thailand 5,3953 11,000 8,457 2,932 
Somalia 298 298 
Myanmar 61 290- 600 45 200 (Burma) 
Maldives 82 108 26 
Malaysia 68- 74 74 299 
Tanzania 10 10+ 
Seychelles 1- 3 3 
Bangladesh 2 2 
South Africa 24 2 
Yemen 2 2 
Kenya 1 2 2 
Madagascar 
Total 174,542 -193,623 -125,000 -51,598 
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1 Includes those reported under 'Confirmed'. If no separate estimates are available, the 
number in this column is the same as reported under 'Confirmed' 
2 Does not include approximately 19,000 missing people initially declared by Tamil 
Tiger authorities from regions under their control 
3 Data includes at least 2,464 foreigners 
4 Does not include South African citizens who died outside of South Africa ( eg, tourists 
in Thailand). For more information on those deaths 
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APPENDIX 6 Damaging Tsunamis 
Date Location Oamaae &. Effect" 
'May 26. 19<B::l r.finehama. Jap<m TeDrapods ..:a!l!!<ed """ brok.en. 
Noshiro,. Japan Caiss.ons !ransliiled ~ dislooaled, 40 ships des1royed, 
ilo•ses deslmved . 
Oga Pem1insula ._,uch damage. 
T otaJI for Japa;rn 5:2 homes washed away, 3,513 homes destroyed. 22~ 
vessels ....,k, :251 vessels washed away, 1, 1!17 vessels 
dam<~>~~ed !80[) million to1al dami!ll<'-
K""'a 70 boats damaged, oome<ous roadls and dwellinqs 
dam...,d and bealS damaae<l. $500 000 damaoe. 
Primorsky Russia S..V..ral small noshing boa1s washed ashore. SOme ships 
had lirn>s brol;en~ lloJoes and barrels washed a'Shore. 
Nov. 30, l 983 Diego Garcia Island, Significant damage. 
l;t)dian Ocean 
Sep. 1!1, 1 9BG Lazano Cardenos. I ,O!lO m of railway deestroyed,. bridge washed out, fishillg 
Uexioo boats missing. 
Plticho:acan. Mexico Palapa rEslauranl:s washed away. 
P!ava Azul Uexioo Olll>er restaurants and h<>iels flooded. 
l><tapa Zillualernejo. Many beadlllrnnl "'s1awrm1s <les1noyed. 
Uexiro 
Oct 16 1987 New Blilaim Vllhari deslrnved :2 ·etlies damaoed. 
Aua. UJ 19Ba Solomoo Islands !00 hom~>s ""'sh!>d away in 13 willao.... 
Apr. 2:2, 1991 Limon, Cosla Rica 1,43ll hameleess ~severe damage in 1h1> l..imcn,P.andora 
""'"· Jan. 5,1002 Hainan lsi~. Souih Damage ·t<> fishing !boats. 
China. Sea. 
Aor .. 2S 1992 Trinidad Gafrfomia Boal:s flooded Yehicle S<iuck. in sand. 
Sep. 2, 1992 El T riOosilx> Nicaraaua 811% of build!oos were swept""''"· 
El Poruwn Nicaraaua Damao<>~ 
Ma~ella. Nicaraoua Scoured b!>ach. 
Dec.. 12, 1992 Riangkrolro, Indonesia Village deslroyed. 
Pagaraman, !labi S.Wement d!>Siro~ed. 
Island" Fl.,..,. 
Maumere Miner damage. 
Pmoana Beesar Island 'lillaaees flooded. 
Sumba lsi~ DamaQ:e. 
Wurino 80% of siill houses collapsed. 
Sumba Island Damaae_ 
Lewobele Dam ace. 
Juliy 12. 19!93 S..a of Jaj>al11 Destroyed seweral hundred h<>mes and .,_sed L2 billion 
dallars in damaoe. 1·1 oorts were dam.ooed. 
Aooae Jlaoan 340 homes deslmve<l b¥ flames so~ad bv waves. 
l""h" Okushiri Island All h<>~~sees deslnove<i\. 
Kamenka, Sakll>alin Factt:o:v dam•ged. 
Vlad"rvoslolt, R.IJISsia Damage ($6.5 milion). 
K""'·"' $0.5 million damage. 
Aug. 8, 1993 Guam Washed trucl; into Piljpo Bay and •other V<!bicles washed into 
IKiio R•v. 
December 2006 xiii 





May 26, 1~83 Sea ol Japan Korea 
Ru:ssia 
July 12 !003 Sea-ofJapan K<>ll!a 
Affected 
Loc.a!ionfs]• 





70 boals damaged, numerc>~~S 
roads and dwellings damaged 
I SOOO 000 dama"". 
Fislirlg boats washed a.shore, 
Shiel lineslbroken. 
' $0 .. 5 million d•lllagle. 
Sam 2 boats. 
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APPENDIX 8 Origin Source Parameters for Tsunamis 1982-2002 
mot# Year Month Date Ho~r (UT) Minute Second Latitude L<>ngitooe Deplh (!<m) Max runup (m) 
1 Hl82 1 II 6 I 0 B 1:!.732 124.358 41.1 0.1 
2 1!Jll2 2 24 4 22 40 4.374 97..755 52 0 .. 1 
3 1982 3 11 10 32 27 -9.265 118.479 33 0.1 
4 1982 3 21 2 32 8 42.158 142.361 44 1.3 
5 1!Jll2 7 23 14 23 53 31.1.194 141.702 37 0.4 
6 1982 12 1il 17 43 54 -24.133 -175.864 33 0.2 
7 1 !Jll2 12 25 12 28 3 -8.405 123.08 33 0.1 
8 1982 12 28 6 37 42 $3.626 139 .. 434 22 OA 
il 1 !Jll3 3 !2 I 36 36 -4.056 127.924 17 3.0 
10 1 !Jll3 3 18 9 5 50 -4.883 153 .. 581 89 0.3 




























1983 6 g 
1983 6 21 
1983 B ofl 
'19'd3 B 17 
1983 B 17 
1!Jll3 10 4 
1!Jll3 11 30 
1984 1 B 
1984 2 11 
1984 3 24 
1984 ll 13 
1984 B •6 
1984 9 18 
1!Jll4 12 28 
1!Jll!i; 3 3 
1985 3 Ill 
1!Jll5 4 13 
1985 7 3 
1985 g 19 
1965 g 21 
1981l 5 1 
1!Jll6 10 20 
1!Jll7 2 ·6 
1!Jll7 2 8 
'1!Jll7 3 5 
1!:!67 3 IS 





























4 40.23.7 139.023 
27 41.346 139.009 
5"1 40.142 24.7•66 
54 55.867 161.287 
56 18.231 120.B6 
13 -26.530 -70.563 
1 -6.852 1.2.11 
0 -2.9 1'18.7 
51 38.396 22 .. 004 
3 44.117 14ll.l92 
25 31.448 140.036 
38 32.386 131.945 
44 34.006 141.5 
54 56.194 163.46 
7 -33. 135 -71.!171 
1 17.013 -62 .. 448 
0 -11.245 114.1ll5 
52 -4.439 152.828 
47 18.19 -102.533 
13 17.802 -10Ul47 
1'1 51.52 -174.776 
1 0 -28. 117 -l76.367 
l 8 36.988 141.61!9 
0 -6.1 147.7 
5 -:1.4.388 -70.161 
30 32.[134 131.837 
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Eveot #Year Month Date Hour (UT) Minule Second Lalilude l<>mgitooe Depth (lrnl) Max runup (m) 











































1987 1 e 
1987 Ill ·6 
1997 Ill 12 
1997 10 !6 
1997 11 17 
1987 II 26 
1967 11 30 
19es 2 5 
1988 3 6 
1988 4 20 
1998 6 24 
'1998 7 5 
1988 B 10 
1009 5 23 
1989 6 2:6 
1999 9 4 
1999 10 18 
1999 10 29 
1009 11 1 
1009 11 1 
1990 2 20 
1990 3 25 
'1990 4 5 
1WO 5 0 
1990 9 23 
1990 12 13 
'1991 I 4 
1991 2 9 
'1991 2 16 
19>11 2 21 
1991 4 22 
19>11 10 14 
1992 5 
19!12 4 2:6 
1992 5 17 
19!12 5 27 
'1992 1 !B 
'1Q92 Q 2 
1992 12 12 
19!13 2 7 
1QQ3 5 7 












































43 -14.074 167.$28 
6 -17.94 -112.225 
5 -7.288 154.371 
2 ~.266 149.06 
53 0:11.586 -143.27 
14 -<1.247 124.155 
20 58.679 -142.786 
3 -24.7:;;3 -71l.433 
38 56.953 -143.00.2 
0 40 13 
26 18.606 121.013 
7 -5.964 148.78 
26 -10.366 160.819 
46 -52.341 160.568 
4 Hl.362 -155.083 
58 55.543 -156.835 
15 37.036 -121.883 
38 311.§.71 143.333 
52 18.996 -68.833 
35 311.837 142.76 
39 34.706 13Q252 
6 '11.814 &1.828 
36 15.125 147.596 
0 7 126 
7 33.267 138.643 
25 37.3 15.438 
0 38 27 
58 -<9.929 159 .. 139 
40 40!.268 154.238 
34 58.427 -115.45 
52 9.685 -$3.073 
12 -<9.094 158.442 
0 HI 109 
4 40.368 -124.316 
3'1 1. Hll 121U62 
39 -11.122 t55.239 
59 3!11.419 143.'33 
2 11.742 -<17.'34 
26 -8.48 121.896 
42 :>7.634 137.245 
0 38 26 











































0 .. 1 
0 .. 3 
0• . .'1 












0 .. 1 
0.4 
0 .. '1 





0 .. 1 
0.2 
0.'1 
0 . .'1 
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Elrent # Year r.lontb Dabe Hour (IJT) MinuEe Seoond Latitude LOJll!litude D<ipth (km~ Max runup (m) 











































19913 Jl Jl 
1900 11 13 
1994 1 17 
1994 21 
1994 2 15 
1994 4 ll 
1994 6 2 
1994 6 3 
1994 6 4 
1994 ll 1 
1994 g 19 
19~ 10 4 
1994 10 B 































































































































25 12.9!12 144.11101 
4 51.934 15B.347 
55 34.213 UB.537 
30 I.DHi 121.733 
43 -4.967 104.1302 
41 4!D.608 143 .. 6!13 
34 -1 0.477 112.835 
59 -10.362 112.892 
51 -10.777 113.1366 
53 40.402 -125.!l8 
0 -4.23!1 152.214 
56 43.773 147.:ll21 
7 -1.258 127.98 
40 43.905 147.916 
0 59.5 -135.32 
31 13.525 121.067 
23 40.525 143 .. 419 
52 34 .5a3 135.111 a 
57 -15.199 -173.:529 
46 12.0~ 125.58 
1 12.047 125.92 
13 40.149 2Uil5 
1 Q -<1.3711 125 .. 127 
44 -23.0011 169.9 
53 52.629 142.827 
49 3!1.4[)1 22.283 
24 -23.3'4 -70.294 
29 -5.799 154.178 
31 16.77~ 98.597 
54 111.005 -104.205 
26 27.929 130.175 
36 2.!1.0~ 130.148 
32 -28.906 -11.417 
12 2:11.826 34.7'99 
9 44.6613 149.3 
0 38 .. 1 22.4 
i2 0.724 11R981 
0 54.46 159.318 
30 -ll.95 137.027 
4 "9.62 -79.568 
16 15.97S -98.07 

























































2 .. 0 
7 .. 3 
1..1 
0 .. 2 
0.3 
0.2 
0 .. 2 
a.1 
1.5 










0 .. 1 
1:1 
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Evelrt# Year Mlonth Date Hour (UTj Minule Serond Lati1ude longibutde Depih (!om) Maoc runup (m) 


























































































































































2 31.555 139.93'1 
14 -22.118 -113 .. 436 
21 30.568 131 .. 093 
41 3-1.885 131..468 
44 -14.993 -75 .. 675 
59 31.7811 131 .. 314 
0 13.1 -87.6 
0 -29 167.6 
26 -12.584 166.676 
13 10.598 -63.486 
18 -22.101 -17:6 .. 172 
55 54.841 162.1135 
0 54.841 162 .. 035 
0 16.7 -62.2 
25 -&2.817 14!Ui27 
22 22.306 125.308 
13 -2.96! 141..926 
31 -2.0'71 124 .. 001 
39 411.748 291164 
16 -111.423 168.214 







56 34.22'1 139.13'1 
0 43 -127 
56 -3.98 152 .. 169 
'H -5·.233 153 .. 102 
17 -16.1 -73.4 
9 :6.11 124.:28 
23.47 124.06 




















































6 .. 6 





7 .. 0 
1.0 
1..0 
4 .. 0 
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USGS list of significant earthquakes 
Appendix 
This is a list of significant earthquakes as listed by the USGS. For other ancient or 
recent earthquakes not listed here, see the tables below. 
Date Timeii Place Lat. Long. Fatalities M Mxii€ (M reference) 
€1 
January 23, Shaanxi, China 34.5 109.7 830,000 -8 1556 
August 17, Anatolia, TuFkey' 40 36 . 8,000 -8 1se8 · 
January 26, Cascadia subduction zone from Northern 
-9 M (Satake et al, 1996) 1700 California to Vancouver Island 
November 1, 10.16 1755 •. Lisbon, Portugal· 36 -11 c. 8o;oo6 -8.7 M, (Johnston, 1996) 
December 8:00 New Madrid, Missouri, 36.6 -89.6 -8.1 M, (Johnston, 1996) 16, 1.811 . USA 
January 23, 
.15:00 New Madrid.' Missouri, 36.6 -89.6 -7.8 M, (Johnston,.1996) 1812• USA 
February 7, 9:45 New Madrid, Missouri, 36.6 -89.6 -8 M, (Johnston, 1996) 1812 USA 
Jane 2, 1823 8:00 soutl) flank of Kilauea, 19.3 -155 -7 M, (Klein and Wright,· Hawaii, USA 2000) 
June 10, 15:30 south San Francisco Bay 36.9 -121.5 -6.5 M, (Bakun, 1999) 1836 region, California, USA 
June.1838 San Francisco P~ninsula, 37.3 -123.2 -6.8 M, (Bakuo, .1999) Californi<;~, USA · 
J~nuary 5, 2:45 Marked Tree, Arkansas, 35.5 -90.5 -6.3 Mi(Johnston, 1996) 1843 USA 
January~. 
·16:24 Fort Tejon, Califor?i~.(SaQ An<Jreas fault .1. -7.9 M (Grant and,Si~i), )993; 1857 fromParkfie18 to 'Wrightwood) ·steirfand Hariks,,1998) 
December 21:00 Naples, Italy 40.3 16 11,000 -6.9 M, 16, 1857 
OctoberS, 20:46 San Jose, California, USA 37.2 121.9 ~6.5 M, (Bakun, 1999) 1865 
April3,, 18.68 2:25 Hilea, southeast Hawaii, 19.2 -155.5 77 -7.9 M, (Klein and Wright, Hawaii, USA 2000) 
October 21, 
'1.5:5,3 Hayward, California, .USA 37.7 -122.1 30 -6.8 ~~ (Bakun, 1999) 1868 
F~bruary 20, 8'42 Molokai, Hawaii, USA 21.2 -156.9 -6.8 M, (Klein and Wright, 1871 . 2000) 
Marc~ 26, 10130 Owens Valley, California, 36.5 -118 27 -7:6 M (Beanland ano Clark, 1872 ... USA. . 1994) 
December 2006 XX 
December 2006 xxi 
December 2006 xxn 
December 2006 xxiii 
December 2006 xxiv 
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February4, 11:36 l:iaicheng, China 1975 
August 1, 20:20 Oroville, California, USA 1975 
NoM~rno~n 
29,1975. 1
4'47 ~quth .• ijank <~f Kilauea, 
· l:iawaii; USA 
Febnuary•4, 
1916 ... 9:01 Guatemala 
July27, 
.19:42 Tangsflan, ()hina 1976 
August 6, 17:05 Coyote Lake, California, 19?.9 USA 









1980 19:00 Livermore, California, USA 37.71 
May.25, 16:33 rV!amnioth Lakes, 37.6 1980 California, USA 
May25, 16:49 Mammoth Lakes, 37.65 1980 California, USA 
Mal' 25, 19':44 Mammoth Lakes, 37.55 1980 California, U.SA • 
Ma)f27, 14:50 Mammoth Lakes, 37.48 1980 .. California, USA 
Nov~rnber 8, 1027 GorqaPiate, · Cal~ornia, 41.12 T-' , , ,, , 1980 . USA 
May 2, 19.83 23:42 Coalinga, California, USA 36.23 
.. 
oclober 28, 14:06 Borah Pea~. lcia~9; USA 44.09 1983 
NoMember 16:13 Kaoiki, l:iawaii, USA 19.44 16,1983 
Apri124, 21 :15 ~~ian Hill, CalifQrnia, 37 .. 3 198,4 
November 18:08 Round Valley, California, 37.45 23i1984 USA 
September 13:17 ~ich9<;lCAin, Mexico 18.44 19;;;1985 
December 5:16 Nahanni, Northwest 62.16 23,)~85,,., Territories, Canada 
Mah 1986 22:47 ~~~eanof Islands, Alaska, 51 .56 
July 8, 19?6 9:20 north Palm Springs, 33.97 California, USA 
July121, Chalfa~l Valley, ()alifornia, 37.53 14:42 1986 USA • · 
December 2006 
122.7~ 10,000 7 M (Cipar, 1979) 
-121.39 5.8 M 
-155.03 2 7.2 Ms.(Kiein and Wright, 2000) 
-89.14 23,000 7.5 M 
Jj7.89 • 242',419' ... 7.6 M 
-121.52 5.7 M (Ellsworth, 1990) 
~115.65 6.4 M (l:iartzell andHeaton, 1983) 
-121.73 5.8 M (Bolt et al., 1981) 
-11.8.83 6.1 M (Ellsworth, 1990) 
-118.9 5.9 M, (Ellsworth, 1990) 
-118.82. 5.8 M (Ellsworth, 19'90) 
-118.8 6 M (Ellsworth, 1990) 
, 124.67 7.2 M (EIIsw0rth, 1990) 
-120.32 6.5 M (Ellsworth, 1990) 
-113.8 2 7 M (POE Monthly Listing) 
155.38 6.7 M (PDE Monthly Listing) 
-J.21.7f'' 6.2 M (PDE MonthiyUstlhg) 
-118.6 5.7 M (Ellsworth, 1990) 
-1 02.36 1.9,5.og 8 M (PDE Monthly Listipg) 
-124.31 6.8 M (Wetmilleret al., 1988) 
-174.81 < 8 M (POE Monthly Listing) 
-116.78 6.1 M (Hartzell, 1989) 
. i. 
-118.43 6.2 M (EIIswqrth, 1990) 
XXV 
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Gcloberf, 14:42 Whittier Narrows, 1.987 California, USA 
November 
30, 1987 19:23 Gu!! ol AlasRa 
January22, 
1·988 0:35 Tennant Creek, Australia 
January22, 3:57 Tennant Creek, Australia j988 
J~nuary 22, 12:04 Tennant Creek, Australia 191>8 .... 
March 6, 22:35 Gulf of Alaska 1988 
November 23:46 Saguenay, Quebec, 25, 1988. Canada 





57.26 -142.75' . 
48.06 -71.27 
q~.cember 7, 7'41 1•988 . . . . i SRitiiJk, Armeflia 40.93 44,11 ~5,000 
G~<!0oor18, 0:04 Lorna Prieta, California, 37.14 -121.76 63 1989 USA 
December 14:24 Ungava, Quebec, C~ilada 60.07 -73.54 25, 1989 
June 28, 1:43 Sierra Madre, California, 34.25 -117.95 2 1~91 USA 
Aygust 17, ., 
1991 22:1•7 Hon~ydew, California;USA 41.79 -1:25.58 
.l\~ril23; · 4:50 Joshua Tree, California, 33.87 -116.55 1.992 USA 
ArctJ25, 18:06 Cape Mendocino, 40.38 -124.05 1~92 Calif~[hia, USA 
April26, 7:41 offshore, Cape Mendocino, 40 55 -124.29 1992 California, USA · 
April26, 11:18 offshore, Cape Men~ocino, 40.44 -124.~3 1992 Call!ornia, VJSA · 
June 28, 11:57 Landers, California, USA 34.2 -116.52 3 1992 
June 29, 10:14 LittlE! Skull M,ountain;Nevada, 36 77 -116:$2 1992 USA ··· . 
S~ptember 2, 0.16 Hi92 · Nicaragua 11.77 -87.35 116 
September 22:25 Latllr-Killari, India 18.08 . 76.52 9,748 29, 1993, 
january 1l, 12:30 Northridge, California, USA 34.18 -118.56 60 1994 
Jcifle 9; 1994 .0:33 Boli~ia .. -13.86. . -67.4~ 5 
SeptembeH , 15 15 Cape Mendocino, California, 40.38 -125.78 1994 .. . USA 
December 2006 
5.9 M (Hartzell and lida, 1990) 
7.9 M (RDE Mbrjthly Listing) 
6.3 M (Choy and Bowman, 1990) 
6.4 M (Choy alld Bbwm'ai\; 1990) 
6.6 M (Choy and Bowman, 1990) 
7.8 M (RDE Monthly Listing) 
5.9 M (Boatwright and Choy, 1992) 
6.8 .• M (RI!JE Monthly Listing.) 
.. 
6.9 M (Wald et al., 1991) 
6 M (Bent, 1994) 
5.6 M (Wald et al., 1991) 
7.1 M (PDE Monthly Listing) 
6.1 M (Hauksson et al., 1993) 
7.2 · .. M (RqE Monthly Listing) 
6.5 M (Oppenheimer et al., 1993) 
•6.7 M. (Oppenheimer et'al., 1993) 
7.3 M (Sieh et al. 1993) 
5.7 M (Walter, 1993) 
7.7 M (PDE Monthly Listing) 
6.2 M (PDE Monthly Listing) 
6.7 M (PDE Monthly Listing) 
M (PDE Mdnthly 8.2 Listing) 
7.1 M (PDE Monthly Listing) 
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March 2a, 2005 16:Q~. NGrthem swmafra, Indonesia 2.07 9?.01 . 1,313. 8.7 M(~ED) 
MG-R =Gutenberg and Richter's (1954) magnitude, Ms = 20 s surface-wave magnitude, 
M =moment magnitude (Hanks and Kanamori, 1979), and M1 is an intensity 
magnitude, ML is local magnitude (Richter, 1935). 
GMT 
* Fatalities estimated as high as 655,000. 
Source: United States Geological Survey (USGS) 
Other earthquakes not listed by the USGS 
Date Site Deaths Magnitude or intensity' 
464>BC Sparta, Greece ? 
22613C Rhodes, Greece ? 
365 Knossos, Crete 50,000 XI (Greece) 
365 Cyrene, Libya ? 
May20 526 Antiochia, Syria 250,000 
844 Damascus; 'Syria 50,000. 'VIII 
847 Mosul, Iraq 50,000 
847 Damascus, Syria 70,000. ··x 
856 Qumis, Damghan, Iran 200,000 
856' Corinth, Greece 45,000 - .. 
893 Caucasus 82,000 
893 Daipur, India 180,000 
893 Ardabil, Iran 150,000 
1036 Shanxi, China 23,000 
1042 Palmyra, Baalbek, 50,000 X Syria 
.1057 Chihli (Hopeh), China 25;000 
.1138 Ganzah, Aleppo, Syria 230,000 XI 
1156-1157 Syria · ?• -
1170 Sicily 15,000 
JulY'S, 1201 Upper Egypt or Syria ·· • 1.1oo:ooo • IX 
December 2006 
Comments 
Led to a helot uprising and strained 
relations with Athens, one of the factors 
that led to the Peloponnesian War 
De$1royed Coloss4s of Rhodes anel city: of 
Kamiliros 
xxviii 
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Recent earthquakes not listed above 
Date Timea€i Place 
S 'f b 19:07 and Off central 
epem er 23:57 Tokai region, 
5
• 
2004 Japan Time western Japan 
Octeber9, 22:26 2004 
October: 
23, 2004 17:56 
October' 18:34 27, 2004 
November 22.58 
,10, 2004 . 





















off coast of · 













sou!h- ·.·, .... 
soufhw\!st of 


























tsunami and 6.9 and 7.4 
flooding 
Sporadic fulacltouts 6:6 
Minimal damage 6.9 
4801 injured; 
1 QJ,000+ displace~ 6'9 
Telephone service 5.8 
interrupted; felt also (Istanbul's 
in Bulgaria, Kandilli 
Ukraine, Moldova Observatory 
and Turkey reported 6.5) 
No injuries noi 
damage 
21 injured 
11+ injurea, 18 
6:9 
7.3 
hOmes de~troyed, 67 half near · 
Buenaventura 
Half-dozen injured, 
damage also in 6.0 
Guadeloupe 
Half-d0zen inWred 6.2 
8 injured, utiltty 






Deceml)er 14·§9 23,'2004 . 
495.kilometres · 























J,JT<;, , Zara.nd.: .. l ran.·. 05:55:21. 30. r26'N 56:817'E ~~~eaS,t 
~ocal Time 
19:06:52 
UTC, Near Sua-ho, 24.607'N 121.859'E 0 
3:06:52 AM Taiwan 
Local Time 
19:08:00 . . . 
UTC, Near sua-ho: 24.6.50'N 121.855'E o 
3:08:00 AM Taiwan 
Local Time ' · 
06:17:49 Gaspe 
UTC, p . ula 1:17:49 AM enlns 
Local Time Canada 
01:53 J,JTC, Offshore of 
:10:5)l'AM Fukuoka, 





02:50:53 · ;ooshore of ' ~;~~:SJ Northern 
tocal Time .California, 
June 14 dJ,JSA 
47.750'N 69.730'W 0 
· 33.54'N 130.12'E:O• 1 
19.896'8 69.125'W 11 
•41.284'N 125.983'W 0. 
December 2006 
Millim<JI damage 
repori~d .i~ southern 8.1 
New Zealand 
No damage nor 
injuries 
f-!undreds injured, 
damage in some 40 
5.5 
· villages, centered ' 6:4 




minutes of a 
previous 
· earthquake of 
magnitude 5.7 
centered io the 
same area; no 
major injuries or 





102 km (63 miles) 
WNW (303A ')from 5.4 
Fort Kent, ME 
1145 injured; 3000+ 7 B displaced . , · 
115 km (70 miles) 
ENE of lquique, 7.8 
Chile. 
157 km (98 miles) 
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02:46:30 




(Nov· 1Z5 km (75 miles) 03:50:38 
. UTC ' 
qctqber .8, 08:SQ:38 
2005 Local Time 
23/20R5 WNW\of Srinagar,, 









January$, UTe •. 









February 00:19 Local Northern 
23; 200ff Time Mozambique 
Largest earthquakes by magnitude 
Pos. Date Location 
1 May 22, 1960 Chile 
2 October 16, 1737 Kamchatka, Russia 
3 March 28, 1964 Prince William Sound, Alaska, USA 
~~b.~~b to 894,0GO) 
55 km (35 miles) 
SE of Kalemie, DR 6.8 
Congo 
· 1.Q5 km (120 miles) 
S pf Athens, 6.7 
Greece 
140 miles 






4 Llecember 26, 2004 Off west coast northern Sumatra, Indonesia 9.0-9.3' 
5 March 9, 1957 Andreano! Islands, Alaska, USA 9.1 
6 November 4, 1952 Kamchatka, Russia 9.0 
7 January 26, 1700 Cascadia subduction zone from Northern California to Vancouver Island -9 
8 January 31, 1906 Colombia-Ecuador 8.8 
9 February 4, 1965 Rat Islands, Alaska, USA 8.7 
10 November 24, 1833 Sumatra, Indonesia 8.7 
11 November 1, 1755 Lisbon, Portugal -8.7 
12 March 28, 2005 Sumatra, Indonesia 8.5·8.7' 
13 [)ecember 16, 1920 Ningxia-Gansu, China 8.6 
14 August 15, 1950 Assam-Tibet 8.6 
* Sctentists have not yet agreed on an officta1 magmtude. 
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Deadliest earthquakes ou record 
!Rankll Name II Date II Location 
~~~ Shaanxi I January 23, Shaanxi, China 1556 
~~~ Tangshan I July 27, 1976 Tangshan, China 
~~~ Aleppo I August 9, !Aleppo, Syria 1138 
[] Indian December Off west coast Ocean 26, 2004 northern Sumatra, Indonesia 
~December 
22,856 !Damghan, Iran 
Appendix 
II Fatalities IIMagnitudell Comments I 
I 
830,000 I~ 








5 8 December Ningxia-Gansu, China I 200,000 10 Major fractures, 16, 1920 landslides. 
I Tsinghai I May 22, Tsinghai, China 200,000 10 Large fractures. 1927 c== ~~ Ardabil I March 23, IArdabil, Iran 150,000 IDI I 893+ 08 September 1 , IKanto, Japan 143,000 10 Great Tokyo fire. 1923 Gl Ashgabat I October 6, Ashgabat, I 110,000 10 1948 Turkmenistan Gl Kashmir I October 8, Kashmir & N.W.F.P, 100,000 17.6 or7.81 3.5 Million people 2005 Pakistan (estimated), homeless, 100,000 80,000 (official) feared dead 
December 2006 xxxiv 
' Final Year Project Tsunami Motion 
Final Report 
APPENDIX 10 Lists of Selected Ports 
No. Ports Country 
I Bangkok Thailand 
2 Hong Kong China 
3 Kao-hsiung Taiwan 
4 Los Angeles United States 
5 Manila Philippines 
6 Pusan South Korea 
7 San Francisco United State 
8 Seattle United State 
9 Shanghai China 
10 Singapore Singapore 
11 Syduey Australia 
12 Vladivostok Russia 
13 Wellington New Zealand 
14 Yokohama Japan 
15 Antwerp Belgium 
16 Buenos Aires Argentina 
17 Casablanca Morocco 
18 Colon Panama 
19 Copenhagen Denmark 
20 Dakar Senegal 
21 Hamburg Germany 
22 Lisbon Portugal 
23 Montevideo Uruguay 
24 Montreal Canada 
25 New Orleans United State 
26 New York United State 
27 Oslo Norway 
28 Rio de Janeiro Brazil 
29 Rotterdam Nether lands 
30 Bombay India 
December 2006 
Appendix 
Ocean Latitude Longitude 
Pacific 13° 42'N 100° 34' E 
Pacific 22° 18' N 114° 10' E 
Pacific 22°01'N 120° 15' E 
Pacific 33° 42'N 1!8°15'W 
Pacific !4° 35' N 120° 59' E 
Pacific 35° OO'N 129° OO'E 
Pacific 37° 46'N 122° 26' w 
Pacific 47° 39' N 122° 18' w 
Pacific 31° 12'N 12! 0 26' E 
Pacific 01° IS'N 103° 50' E 
Pacific 33° 52' s 15! 0 12'E 
Pacific 43° 07' N 13! 0 55'E 
Pacific 41°17'S 174°46'E 
Pacific 35° 11' N 139° 22' E 
Atlantic 51°13'N 04°25'E 
Atlantic 34° 35's 58° 29'W 
Atlantic 33° 35'N 07° 39'W 
Atlantic 09° 20' N 80° 00' w 
Atlantic 55°41'N 12° 33' E 
Atlantic !4°42'N 17° 29' w 
Atlantic 53° 33' N 09° 58' E 
Atlantic 38° 43' N 09° 08' w 
Atlantic 34°5l'S 56° 13'W 
Atlantic 45° 30'N 73° 33' w 
Atlantic 29° 59'N 90° 15' w 
Atlantic 42° 39'N 73° 45' w 
Atlantic 59° 56'N !0° 44' E 
Atlantic 22° 55's 43° 12' w 
Atlantic 04° 20'N 5! 0 53'E 
Indian !8° 54' N 72° 49' E 
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31 Calcutta India 
32 Colombo Sri Lanka 
33 Durban South Africa 
34 Jakarta Indonesia 
35 Madras India 
36 Melbourne Australia 
37 Murmansk Russia 
38 Prudhoe Bay United State 
December 2006 
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Indian 22° 32'N 88° 20' E 
Indian 06° 54'N 79° 52' E 
Indian 29" 52's 31"02'E 
Indian 06° 11' s 106° 50' E 
Indian 13° 04' N 80° 15' E 
Indian 37° 49's 144° 58' E 
Arctic 68° 57' N 33° 10' E 
Arctic 70° 15' N 148° 19' w 
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#include <math. h> 
void enter_coordinates(); 
votd enter_distances(); 
void origin_ coordinates (float &, 
void port _coordinates (float &,fl 
void origin_dist(float &,float &, 
void depth (float &, float &) ; 
void depth_dist(float &,float &); 
int main () 
I 
float xs,ys; 
char ch, str[BO]; 
nrintf I "TSUNAMI MOTION\ n"\; 
The program will ask a user to choose either to enter the coordinates of the selected port 
or the distance of the selected port from the source of tsunami (which is always been 
asked in coordinate's latitude longitude). The speed and distance between the source 
and the selected port are calculated and displayed by the program. 
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char ch, str[SO]; 
Appendix 
Here is an example when choosing coordinates entering. All coordinates entered should 
















float xs, ys; 
char ch, str[80]; 
Once the locations of tsunami's source and selected port have been identified, the speed 
starting from the source point is calculated and displayed in km/hr. It uses the simple 
shallow water equation where v = sqrt(g*y) and y is the average depth done by the 
program through interpolation. The operation of calculating speed and then time 1s 
repeated until it reached the selected port. 
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float xs, ys; 
char ch, str[BD]; 














char ch, str [ 80) ; ' 
The same output procedure; speed, starting from the source of tsunami is calculated and 
displayed by the program. 
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